Objectives In this preliminary study, we examined whether imaging-based phenotypes are associated with reported predictive gene signatures in hepatocellular carcinoma (HCC). Methods Thirty-eight patients (M/F 30/8, mean age 61 years) who underwent pre-operative CT or MR imaging before surgery as well as transcriptome profiling were included in this IRB-approved single-centre retrospective study. Eleven qualitative and four quantitative imaging traits (size, enhancement ratios, wash-out ratio, tumour-to-liver contrast ratios) were assessed by three observers and were correlated with 13 previously reported HCC gene signatures using logistic regression analysis. Results Thirty-nine HCC tumours (mean size 5.7 ± 3.2 cm) were assessed. Significant positive associations were observed between certain imaging traits and gene signatures of aggressive HCC phenotype (G3-Boyault, Proliferation-Chiang profiles, CK19-Villanueva, S1/S2-Hoshida) with odds ratios ranging from 4.44-12.73 (P <0.045). Infiltrative pattern at imaging was significantly associated with signatures of microvascular invasion and aggressive phenotype. Significant but weak associations were also observed between each enhancement ratio and tumour-to-liver contrast ratios and certain gene expression profiles. Conclusions This preliminary study demonstrates a correlation between phenotypic imaging traits with gene signatures of aggressive HCC, which warrants further prospective validation to establish imaging-based surrogate markers of molecular phenotypes in HCC.
Introduction
Genomics technologies enable survey of the expression of thousands of genes, and have shown great potential for establishing tumour diagnosis, prognosis and response to therapy [1] [2] [3] . Hepatocellular carcinoma (HCC) tumours have been intensively profiled for genome-wide gene expression, deoxyribonucleic acid (DNA) copy number alterations, DNA methylation and gene mutations [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] which may have a role for the prediction of prognosis, microvascular invasion and treatment response. These advanced genomics methods require tissue sampling, which is invasive, and rarely clinically indicated in HCC. Moreover, they require specialized equipment, which limit their widespread use. A surrogate marker of gene expression using imaging would be of major interest, as imaging is noninvasive, repeatable and can sample the whole lesion, as well as multiple lesions in the same patient.
Imaging plays an essential role in HCC screening, diagnosis and staging [17, 18] . There are limited data correlating imaging with genomic analysis in HCC [19] [20] [21] . Two of the prior studies (from the same group) have shown that dynamic imaging traits using computed tomography (CT) correlate with global gene expression programs of HCC. Segal et al. described that the combination of 28 imaging traits (assessed in 28 HCCs with CT) can reconstruct 78% of the global gene expression profiles [19] . In the other study, CT-based phenotypes were found to correlate with a doxorubicin drug response gene expression program, with vascular invasion and tumour stage in 30 HCCs [20] . Using magnetic resonance (MR) imaging, a recent study showed that signal intensity on hepatobiliary phase after injection of Gd-EOB-DTPA correlates with gene expression [21] . A refinement in the understanding of gene expression prognostic signatures in HCC occurred during recent years [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , allowing exploration of a more comprehensive radiogenomic and biologically/ clinically relevant correlation.
The objective of this preliminary study was to correlate phenotypic traits assessed with CT or MR imaging with gene expression profiles predictive of aggressive phenotypic features (vascular invasion) or poor outcome obtained in patients with HCC prior to resection or liver transplantation.
Patients and methods

Patients
This retrospective single-centre study was HIPAA (Health Insurance Portability and Accountability) compliant and approved by our institutional review board. Informed consent was waived due to the retrospective nature of the study. Consecutive patients from our centre, included in a clinical study assessing the role of genomics for prediction of HCC recurrence after surgical resection or transplantation, and with an available pre-surgical CT or MR imaging were selected. Thirty-eight patients (M/F 30/8, mean age 61 years, range 45-82 years) with 39 HCCs were included in the study, as part of a cohort previously reported [22] . Table 1 summarizes the clinical characteristics of this cohort, including Barcelona Clinic Liver Cancer (BCLC) and American Joint Committee on Cancer (AJCC) stages. All patients underwent contrast-enhanced imaging, including CT (n = 26) or MR imaging (n = 12) before liver resection (n = 36) or liver transplantation (n = 2). The mean interval time between imaging and surgery was 19 days (range: 4-106 days). All HCC lesions were treatment-naïve.
Imaging
CT technique Twenty-six patients underwent multi-detector CT scans of the abdomen, using different systems [HighSpeed CT/i GE (n = 5), LightSpeed Ultra GE (n = 5), Somatom Emotion 6 Siemens (n = 5), Somatom Sensation 16 Siemens (n = 6), Somatom Sensation Cardiac 64 Siemens (n = 5)]. CT examinations included non-contrast and contrast-enhanced imaging through the liver, including arterial phase (using bolus tracking), portal venous phase (70 s) and late venous phase (at 180 s, obtained in five patients) after initiation of the bolus of intravenous contrast material (100 ml of Isovue 370, Bracco Diagnostics, Princeton, NJ, USA). CT imaging parameters were kVp 110-130, mAs 140-280, collimation and reconstruction interval 5/1.5 mm.
MR imaging technique Twelve patients underwent MR imaging of the abdomen, using various 1.5 T clinical systems [GE Healthcare (n = 6), Siemens Healthcare (n = 6)]. The following sequences were obtained: coronal T2 HASTE, axial fat suppressed FSE T2, T1 GRE in-and opposed-phase, and dynamic contrast-enhanced axial 3D GRE T1-weighted images before and after administration of an extracellular gadolinium contrast agent (0.1 mmol/kg of Gadopentetate Dimeglumine, Magnevist). Arterial phase images were obtained using timing run or bolus-tracking methods. Portal venous and equilibrium phase images were obtained at 60 and 180 s post-contrast injection.
Image analysis
Eleven qualitative imaging traits were assessed in consensus by two experienced abdominal radiologists (Observer 1 and Observer 2, BT and SK, with 13 and 10 years of experience in abdominal imaging, respectively), using a PACS (Centricity v3.0, GE). The observers assessed the enhancement characteristics: wash-in (defined as an enhancement of the lesion of the arterial phase higher than the one of the liver parenchyma), wash-out (defined as a lesion hypodense/hypointense compared to the liver parenchyma on the portal venous and/or delayed phases) and hypovascular (absence of wash-in).
Based on enhancement, lesions were classified as typical (wash-in and wash-out) or atypical (wash-in without washout or hypovascular). Lesion morphology was described as nodular or infiltrative (Fig. 1) . On MR imaging, the presence of intra-lesional fat (defined as drop of the signal in the lesion on opposed-phase compared to in-phase images) and T2 hyperintensity were evaluated. For MR imaging and CT, macrovascular invasion, mosaic pattern, internal arteries, capsule or pseudocapsule and extra nodular growth (defined as incomplete capsule) were also evaluated. The maximum tumour diameter was measured on post-contrast images obtained during the arterial phase. Additionally, regions of interest (ROIs) were placed by a third observer (MW) on the whole index lesions as large as possible to fit lesion size, avoiding vessels and artefacts using Osirix Software (Osirix ver. 4.1.2, pixmeo). A second ROI was drawn in the right hepatic lobe away from tumour. The tumour and liver signal intensities (on MR imaging, arbitrary units) or attenuations (on CT, Hounsfield units (HU)) were measured on post-contrast arterial and portal venous phases in order to compute tumour-to-liver contrast ratios (CRs); and the tumour signal intensity (SI, arbitrary units) on MR imaging, or attenuation (att, HU) on CT were measured on pre-and post-contrast images in order to calculate arterial and portal venous tumour enhancement ratios [ER AP (arterial phase)/ER PVP (portal venous phase)] and the washout ratio (WOR), as below: Two MR imaging examinations were obtained at outside institutions, and were read off digitized film copies, therefore quantitative evaluation for these two cases was not possible.
Pathological analysis
All of the surgical specimens were routinely processed, stained by haematoxylin and eosin, and were retrospectively reviewed by a liver pathologist (MIF) blinded to the imaging data. The maximum tumour size, tumour grade (well, moderately or poorly differentiated) and presence of microvascular invasion were assessed.
Analysis of gene expression profiles
Genome-wide gene-expression profiles were generated by using HG-U133 plus 2 DNA microarray (Affymetrix) and Human HT-12 beadarray (Illumina) as previously described (dataset is available at NCBI Gene Expression Omnibus database, accession number: GSE20140) [6] . A comprehensive collection of 13 HCC gene signatures in the literature capturing a variety of clinical, biological and histological phenotypes was analysed (see Electronic Supplementary Material) [23] . To circumvent the issue of DNA microarray platform difference that hampers direct merging of the gene expression matrices due to experimental batch difference, the presence of each gene signature was separately determined in each dataset by using the nearest template prediction algorithm [24] implemented in GenePattern genomic analysis toolkit (www. broadinstitute.org/genepattern) based on a prediction confidence p-value cut-off of 0.05. Subsequently, the prediction results from the two datasets were merged for assessment of correlation with the imaging and other clinical features.
Statistical analysis
Quantitative data are presented as mean ± standard deviation (range). Qualitative data are presented as number of cases (percentage of cases). Correlation of the presence of the gene signatures with the imaging patterns, imaging quantitative parameters, pathology and clinical features were quantitatively determined as odds ratios and p-values computed by logistic regression analysis, and visualized by Gene-E module of GenePattern. No sub-analysis of CT and MR imaging dataset was performed because of the small sample size of the study. All data analyses were performed by using GenePattern and R statistical language (www.r-project.org).
Results
Patient characteristics
Clinico-pathological characteristics of our patient population are presented in Table 1 . Most patients were males, all of them had chronic hepatitis C virus infection, and 30/38 (78.9%) had advanced fibrosis or cirrhosis. Most were classified as BCLC A (25/38 = 65.7%) or AJCC T2 (19/37 = 51.3%) (pathological information was not available in one patient).
Imaging and pathology characteristics
Imaging and pathology characteristics are presented in Table 1 . Thirty-nine HCCs were assessed (mean size 5.7 ± 3.2 cm). In one patient with two HCCs (post-transplantation), both lesions were analysed for genomics signatures.
Typical enhancement profile (wash-in/wash-out) was observed in the majority of lesions (29/39 = 74.3%). The majority of lesions were nodular in morphology (30/39 = 76.9%), while nine were infiltrative (Fig. 1) . A capsule/pseudocapsule was observed in 18/39 (46.1%) lesions. On pathology, most of the lesions were poorly and moderately differentiated and 30/ 39 (76.9%) of lesions showed microvascular invasion. ER at the arterial and portal venous phases, WOR and tumour-toliver contrast ratios are listed in Table 1 .
Imaging/pathology and genomics correlations (Fig. 2 , Tables 2 and 3) Significant positive associations were observed between imaging traits such as infiltrative pattern, mosaic appearance, presence of macrovascular invasion, size >5 cm and gene signatures (odds ratios range 4.44-12.73, P ≤0.042 from univariate analysis). The infiltrative pattern showed the highest number of positive associations with several gene signatures (Boyault_G3 [25] , Chiang_Proliferation [22] , Hoshida_S1/S2 [ 1 2 ] , M i n g u e z _ V a s c u l a r i n v a s i o n [ 9 ] , Woo_Cholangiocarcinoma_like [26] , Andersen_KRT19 [27] , Coulouarn_TGF-beta [28] , Villanueva_KRT19 [6] ) ( Table 2 , Fig. 3, Supplementary Table 1 ). The highest correlation was observed between macrovascular invasion on Fig. 2 Heatmap of imaging-genomics correlations in 39 hepatocellular carcinomas (HCCs) (see also Table 2 ). High odds ratios were observed for certain phenotypic traits. For example, infiltrative pattern was associated with several gene signatures, such as Minguez_Vascular invasion [9] , Boyault_G3 [25] , Cairo_Hepatoblastoma [29] , Coulouarn_TGF beta [28] , Chiang_Proliferation [22] and Hoshida S1/ S2 expression [12] . Odds ratios with p <0.05 are shown in the Heatmap [25] (odds ratio 12.73, P = 0.025). We also found a positive correlation between the Hoshida_S2 [12] and atypical enhancement pattern (wash-in without wash-out). Negative weak associations were found between ER at the AP and certain gene signatures; and between tumour-to-liver contrast ratios and several gene signatures (Table 2) . No significant association was found between WOR and ER at the PVP and gene signatures. We also observed positive associations between each of the clinicopathological stages/ pathological grade/size with multiple gene signatures (Tables 3 and 4, Supplementary Tables 2 and 3) .
Discussion
In this initial study, we correlated imaging phenotypes with gene expression profiles in 39 HCCs. We observed positive associations between imaging phenotypes of aggressive disease and certain gene expression signatures. Genomic and molecular features of HCC tumours and their biological, histological and prognostic implications have been extensively studied by analysing transcriptome deregulations, structural aberrations of genomic DNA and epigenetic deregulations [23] . These studies revealed molecular subclasses and signatures that depict heterogeneity of HCC tumours across Fig. 3 Representative expression pattern of vascular invasion signature genes shown with imaging and histology features for the samples profiled with the Affymetrix DNA microarray platform (n = 24). Transcriptome subclasses of more aggressive hepatocellular carcinoma (HCC), Hoshida S1/S2 classes [12] and Chiang_Proliferation class [22] show overlap with the Minguez_ Vascular invasion signature [9] . Representative contrast-enhanced CT images of infiltrative and encapsulated types are shown patients, and highlighted the necessity to determine molecular characteristics of each tumour for potential personalized/ stratified management of patients. For example, molecular signatures of pathway deregulations may inform indication of molecular targeted agents as anti-HCC drugs as companion biomarkers or identify patients to be enrolled in clinical trials of experimental therapies [16] . However, genomic profiling analysis requires tissue sampling, which is invasive, and is not mandatory for HCC diagnosis in case of typical HCC in a cirrhotic liver [35] . Therefore, less invasive surrogates of the molecular signatures will have a great potential in translating the genomic discoveries to refine clinical patient care. In the current study, we aimed at exploring the practical clinical utility of imaging, using basic imaging patterns, easily identified, as surrogate markers of clinically relevant genomic/molecular signatures. We restricted our analysis to clinically well-established imaging features and molecular signatures in literature representing well-characterized biological, histological and prognostic phenotypes in HCC.
First, we found significant positive associations between imaging traits of aggressive disease such as infiltrative pattern, mosaic appearance, presence of macrovascular invasion, large size and signatures with aggressive genotype. The infiltrative type is one of the major imaging features strongly associated with signatures with increased cellular proliferation (Boyault_G3, Coulouarn_TGF-beta, Chiang_proliferation, Hoshida_S1/S2), expression of biliary lineage markers such as cytokeratine 19 (Andersen_KRT19, Villanueva_KRT19, Woo-cholangiocarcinoma_like), and vascular invasion (Minguez_vascular invasion) [9] . Although it should be confirmed in larger studies, the high association between the infiltrative type and the vascular invasion gene expression suggests that the imaging-based determination of infiltrative type serves as a surrogate marker indicating high likelihood of microvascular invasion. Indeed, it is well known that infiltrative HCC has worst outcome than nodular HCC and is associated with vascular invasion [36, 37] . Nowadays, the prediction of microvascular invasion can be determined only based on postsurgical histological assessment, even if some recent publications showed that imaging patterns may be able to predict it [38, 39] . As the Metroticket Investigator Study Group proposed using two distinct charts in predicting prognosis after liver transplantation for HCC according to the presence or absence of microvascular invasion [40] , non-invasive imaging-based surrogate marker of microvascular invasion may potentially have a significant impact by enabling pre-surgical estimation of microvascular invasion to make more precise prognostic prediction and more rational donor organ allocation.
The presence of macrovascular invasion was associated with the molecular signatures of aggressive HCC tumours, including Boyault_G3 signature [41] , in which the signature was strongly associated with the vascular invasion, distant metastases and staging of the tumour. Moreover, when this signature was present, the prognosis was impaired, as it is in case of macrovascular invasion on imaging [31] . A size larger than 5 cm is also an independent factor of poor prognosis [42] . As expected, in our cohort, the presence of a HCC larger than 5 cm was associated with three signatures of aggressive disease. Finally, the mosaic pattern was associated with a signature of proliferative lesion. The mosaic pattern reflects heterogeneity of the lesion and is mostly identified in large lesions [43] , which are more often poorly differentiated and highly proliferative. Surprisingly, an atypical pattern of HCC enhancement (presence of wash-in without wash-out) was associated with the Hoshida_S2 signature [35, 44] . Hoshida_S2 is a molecular subclass of HCC tumours defined by meta-analysis of transcriptome datasets representing worldwide HCC populations, which is characterized by increased cellular proliferation and over-expression of a cellular stemness marker gene (EpCAM) [12] . The atypical HCC without wash-out are in most of the cases early HCC or well-differentiated HCC, with a good prognosis [45, 46] while the Hoshida-S2 signature is characterized by poor proliferation and is associated with a poor prognosis [12] . Thus, these counterintuitive results require further confirmation in a larger cohort of patients.
The correlations between enhancement ratios, tumour-toliver contrast ratios, even if significant, were weak, and should be validated prospectively using quantitative DCE-MR imaging [47] .
Our study has several limitations. First, in addition to its retrospective design, the sample size was small, mixing CT and MR imaging. This reflects our preliminary experience, and the observed associations between imaging and genomics should be verified in a larger study. Second, additional quantitative and qualitative imaging features such as diffusion [48] , perfusion [47] and hypoxia [49] may need to be evaluated for their association with molecular and biological phenotypes of HCC tumours [50] . Third, we included only patients who had chronic HCV, which means that our population may not represent a classic HCC population. Fourth, the image analysis was done in consensus which did not allow assessing for interobserver reproducibility.
In conclusion, this preliminary radiogenomics correlation study demonstrates potential clinical value of phenotypic imaging traits as surrogate markers of molecular phenotypes in HCC. These preliminary findings need to be verified in a larger study.
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